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T.be series resistance, beam divergence and resistance to degrad- 
: -priori ur.rfer high-power operation of InGaAsP-based lasers are 
• superior ic AlGaAs systems. The advantages of InGaAsP system 
mentioned above seem to be sufficient for replacing the AiGaAs- 
based lasers in present-day high-power applications, and may 
stiiiiuiate the search for nev, applications of near-infrared diode 
lasers. ^ 
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Desislty-driven liquid-liquid 
phase separation in the 



AI2O3-Y2O3 



W S. /tasl8Rd* & P. F. McMillan 

m 

'S. Department of Chemistry and Biochemistry, Arizona State University, 
# Ten^pe. Arizona 85287, USA - 

PHA.SK s''«i«raHon of liquid -mixtures into two liquids with different 
compositions is a well-known phenomenon.- It has been pro- 
? posed'"* that another type of liquid-liquid phase separation, driven 
by fluctuations in density rather than in composition, may occur 
l^in some elemental systems. Transitiohs between low- and high- 
^ density amorphcNis phases have been described for the one- 
component oxides H2O, SiOz and GeOj (refe 10-17), and it has 
been suggested""^' that a liquid-liquid phase transition might 
'"^^ occur in supercooled water. If density-driven phase separation truly 
does occur in liquid mixtures, it should be possible to observe the 
coexistence of two liquids witii the same composition but different 
densi*>. Here we report the direct observation of such a situation. 
We o*>serve two coexisting liquid phases in the supercooled melt 
of AI2O3-Y2O3 just above the glass transition at ambient pressure, 
both of which have the same composition. We propose that these 
t>vo phases must differ solely in density,' and that the transition 
is entropically driven. The occurrence of the phase transition in 
this system may explain why the crystallization of yttrium alu- 
minium garnet) the host material for Nd^"*^ Ions in YAG lasers, is 
slnggish^^-^. 

The occurrence of maxima in the melting curves of many 
metals, alloys and simple salts has been related to the presence of 
distinct structural species in the liquid, with relative proportions 
varying with pressure and temperature^ *^. Large changes in t^c 
electrical conductivity of molten metals and chalcogens w::h 

i^Present address: Departmem of Chemiswy and Chemical Engfneering. Nonncgiaft Institute of 
2J«jchnoloBy. The University of Trondhcim. 7034 Trqndheim-NTH, Nonway. 
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pressure have also been analysed by a two-species modeP \ 
Changes in the pair distribution functions of liquid Cs, Bi, Ga 
and Se suggest that the electrical conductivity variations are due 
to rapid chnnges in iiquiil structure, between low- and high- 
density States characterized by different coordination number 
and connectivity^. The volume change accompanying the semi- 
conductor-metal transition in liquid Se suggests a first-order 
transition, implying two distinct liquid phases" Studies on 
liquid S suggest transitions between three liquid phases'*. Ana- 
lysis of available data for liquid C, along with results of calcula- 
tions from first principles has led to a pressure-temperature (P- 
T) diagram with a first-order transition between liquids with 
graphitic and diamond-like struclure^^. Liquid H2O and SiOj 
both exhibit temperature maxima in their densities"^ * ^. It has 
recently been argued for H3O that the thermodynamic anomalies 
are related to critical behaviour associated with a transition 
between low- and'high-iiensily phases'^""', in agreement with the 
observation of distinct low- and high-density forms of amorph- 
ous solid H20'°'^^'^^. Similar arguments have been extended to 
Si02 and Ge02 liquids and glasses, which exhibit reversible 
pressure-induced transitions between low- and high-density 
forms, associated with changes in coordination number""'^. 

The garnet Y3AI5O12 (YAG) in the Y2O3-AI2Q3 system is an 
important technological material^'^^ Single-crystal growth of 
YAG is rendered difficult by its sluggish crystallization from the 
melt, and by the extreme temperature sensitivit>' of the process. 
In the absence of seed crystals, or if the melt temperature exceeds 
a 'critical' value, metasrable crYStalli7ation ef YAIO3 perovskite 
and alumina occurs over a range of compositions^'^^. Although 
this behaviour is primarily due to the relative growth and melting 
kinetics of the crystalline phases, it has sparked interest in the 
structural and thermodynamic properties of Y2O3-AI2O3 and 
related liquids^^-^^'^'''^'. 

We undertook a study of tlie YjOa-AlzOj liquid system by 
hot-stage microscopy. Metastable crystallization was verified 
near the composition of YAG, and the solidus and liquidus 
temperatures observed were in agreement with previous 
studies^"^"*. The liquids could be supercooled to several hundred 
degrees below the liquidus (1,300-1,400 No change in the 
appearance of the liquid was observed while the liquid was held 
in this temperature regime. Glasses could be quenched from 
the supercooled liquid with compositions between 24-32 xnoW^ 

, by switching off the power to obtain a cooling rate of 
300-400 degrees s~ '\ 

For al! of the samples which formed glass, we observed a 
second liquid phase appear spontaneously throughout the bulk 
of the su^xTcooled liquid sample during quenching. This second 
phase formed bubbles which grew during the quench, before 
both phases were frozen at the glass transformation temperature, 
Tg, giving rise to glassy inclusions in a glassy matrix (Fig. 1). 
Nucleation and growth of the second liquid phase were also 
observed at 20 and 22 mol% Y2O3 . but these samples crystallized 
during quenching, and could not be obtained in the glassy state. 
The volume fraction of the glassy inclusion phase in the sample 
increased with decreasing Y D^ content, and with decreasing 
quench rate (Fig. IZ?, c\ but never reached 100% for the samples 
which could be quenched to glass. Attempts to grow larger inclu- 
sions via slower quenching or re-heating glassy samples failed 
due to crystallization, which precluded calorimctric study of the 
glassy phases. The liquid-liquid separation temperature 
increased slightly but systematically with increasing AI2O3 con- 
tent (Fig. 2). The compositions of the two glassy phases present 
in each sumple were determined by electron probe microanalysis 
(Table 1 To our surprise, the glassy matrix and inclusion phases 
were found to have identical compositions, within experimental 
error {2a < ±2 relative a«pm%), for all bulk compositions 
studied. 

Using primary backseat lered electrons to image the sample, 
the inclusion phase always appeared darker than the matrix, 
indicating a lower average electron density within the inclusion 
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(Fig. U/). J-or phases with equal composition, this indicates a 
lower mass density for the glassy inclusions compared with their 
matrix. We have confirmed by optical microscopy, through 
observation of the direction of movement of the Becke line {the 
bright line of light which appears at the interface between mat- 
erials of difTcrent refriictive index), that the inclusions have lower 
refractive index than the matrix. 

The lower density of the glassy inclusion phase, formed at 
lower temperature, gives an indication of the mechanism of the 
liquid-liquid transition. Because Y2O3 AKOs is a two- 
component system, 'conventionar phase separation into two 
liquids with different compositions might at first be invoked, 
with a narrow compositional gap corresponding to the small 
uncertainly in the electron probe analysis. However this is 



unlikely, because the unmixing" was observed to occur over a;^ 
wide range of bulk compositions, and in each case gave rise to , 
matrix and inclusion phases with identical compositions. 

As an alternative approach to understand our observation, 
we propose the existence of a metaslable liquid-liquid P-r phase 
boundary, between two Alr0.v-Y203 liquids with the same com- 
position but different density, analogous to that suggested for 
waier**^ (Fig. 2). This boundary is extended into a surface in 
the P-T-x (where -v is composition) field of the system AI2O3- 
Y2O3, resulting in a curve, in the constant pressure T-x 
diagram (Fig. 2). The two liquids will coexist stably only at the 
phase transition temperature at a given pressure. In our quench- 
ing experiments, the higher-temperature hquid phase with higher 
density is retained mclastably to temperatures below the coexist- 






FIG. 1 a, Transmitted-light optical micrograph of a typical sample in the 
glass-forming region (30.1 mol% YjOg). showing the glassy inclusion 
phase in a glassy matrix of the same composition. The field of view is 
--100 X 150 ^m. All the sanr.ples containing two glassy- phases were 
found to be isotropic under polarized light and no crystalline peaks 
were observed in the X-ray diffraction patterns (careful scans were made 
in the region of the strong diffraction peaks of Y3AI5O12 , which is the 
only isotropic 'crystalline phase in the system). Starting materials in 
the composition range 20-37.5 mo!% Y2O3 were prepared by a sol-gel 
synthesis^, and heated by d.c. resistance heating of a metal wire in a 
water-cooled microscope heating stage^"^. To obtain the high tem- 
peratures required for this study, the microscope hot stage^^^'^ was 
modified by exchanging the Pt-lr wire furnace with a pure Ir wire; opera- 
ted in inert (N2) atmospnere to avoid oxidation of the iridium. Powder 
samples were loaded into a 0.6-mm-dlameter hole in the l-mnrv 
diameter ir wire. The hot stage was placed under an optical microscope 
for visual examination of the samples during heating and cooling. 
Quenching of the liquids v^as achieved by rapidly turning the voltage 
down. Temperature was calibrated from series of known melting-point 
standards, including crystalline phases in the YjOr-AI^Og system. The 
temoeratures at which the second liquid phase appeared, and the glass 
trat-si'oO.- terrpersfjre -S.j were estimated from the temperature at the 
begir.rsrg -f t.^/e .suencr. ir.e -.imed quench rate, and the calibrated 



power to the Ir wire furnace, b, c, Transmitted-light optical micrographs 
of the same glassy sample, at lower magnification than a, snowing 
effects of variable q'-ench rate. Both micrographs show the glassy 
sample in the Ir wire, which appears as the dark materiai (towards U)e 
comers of the micrographs) surrounding the glass. The microscope is 
focused just below the surface of the glass, at some depth within the 
hole in the Ir wire. In both photographs, the hole in the Ir furnace wire 
Is 0.6 mm in diameter. The horizontal line in b (faster quench) is a 
cooling crack which traverses the sample. The sample in £? was 
quenched rapidly from 1,900 ''C, by increasing the N2 flow rate, and 
switching off the power to. Ir wire furnace (400 degrees s"^). The inclu- 
sions in this photograph range from 5-10 jxm in diameter. Micrograph 
c represents the same sample, quenched more slowly by manually 
turning the power down, and clearly shows growth of larger (20-50 ^m 
diameter), more numerous glassy inclusions than in b. d, Back-scattered 
electron (BSE) image of a gtass-in-glass inclusion in the Y203rAl203 
system. The matrix is lighter (brighter BSE image) because of higher 
mass density at constant composition. The black areas are due to 
cracking in the sample. (Scale bar, 10 ^m.) For all samples studied, the 
composition of the matrix and the inclusion were the same within the 
uncertainty of the probe analysis (Table 1). For the sample shown here, 
both the inclusion and matrix phases had Y3O3 contents of 
30.1x0.7 mol%. 
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TABLE 1 Analysis of quenched YjOa-AljOa sample 





Glassy inclusion phase 


Glassy matrix 




V (at%) 


Al (atS'c) 


0 (at%) 


Y (at%) 


Al (at%) 


0 (at%) 




11.65 


28.59 


59.76 


11.43 


28.54 


60.03 




11.69 


28.59 


59.72 


11.54 


28.30 


60.16 




11.44 


28.73 


59.83 


11.50 


28.62 


59.88 




11.49 


28.66 


59.85 


11.50 


28.32 


60.10 




H.D4 










fin 1 o 




11.42 


28.51 


60.07 


11.39 


28.37 


60.24 




11.31 


28.96 


59.74 


11.29 


27.83 


60.88 




11.44 


28.67 


59.89 


11.61 


28.62 


59,77 




11.37 


28.60 


60.04 


11.56. 


28.71 


59.73 




11.61 


28.11 


60.29 


11.46 


28.26 


60.28 




11.49 


28.41 


60.09 










11.46 


28-49 


60,05 








Mean 


ll.bO 


28.55 


59.95 


11.47 


28.40 


60.12 


2a 


0.22 


0.42 


.0.34 


0.18 


0.48 


0.31 



Electron probe microanalysis of a typical Y^Oa-AbOa glassy inclusion 
and surrounding glassy matrix (Fig. 1). obtained in this study. Each 
sample was analysed for all three elements (Y, Al and 0) by wavelength- 
dispersive analysis, using crystalline YAG as standard. Elemental totals 
were 100 ±1% by weight. No additional elements were observed by 
energy-dispersive analysis. The diameter of the probe beam was of the 
order of 1-2 \ym, much smaller than the diameter of the Inclusions 
analysed (10-50 pm). The individual analyses in this table represent 

• both several points within a given inclusion, and points from several 
different inclusions, within the same sample. The compositions of the 

I matrix and inclusion are identical, within analytical error (reported as 

• 2o^ of the mean analysis). 10-30 points were analysed for each sample. 



ence line. The lower-lemperature (lower-density) liquid phase is 
observed to nucleate and grow within the supercooled high- 
density liquid matrix to fomi the observed inclusions, consistent 
with a first-order liquid-liquid transformation process. The 
growth rate in such processes is strongly dependent on the liquid 
viscosity. The measured viscosity of molten YAG shows Arrhen- 
ius behaviour^. Extrapolation to a glass transition in the neigh- 
bourhood of 1,150 °C gives a viscosity of 10 poise (P), rather 
than the necessary large value near 10*^ P at Tg, so that the 
viscosity mu$t increase rapidly in the temperature range just 
above 7^. It is reasonable that the liquid-liquid transformation 
is arrested if the transition temperature is close to Tp, and if 
the system is cooled rapidly through this temperature region. 
Attempts were made to slow the cooling rate sufficiently to allow 
complete transformation from the high-temperature to the low- 
temperature liquid phase, but this was always intersected by 
nucleation of crystalline phases. 

We obtained micro-infrared and Raman spectra separately 
from the matrix (high-temperature, high-density) and inclusion 
(low-temperature, low-density) glassy phases (Fig. 3). The spec- 
tra of each are quite different, and show little variation with 
bulk composition. The spectrum of the matrix glass is quite 
featureless, compared with that of the glassy uiclusions, which 
shows several broad bands (Fig. 3). This indicates that the 
matrix glass is more structurally disordered, that is, has a higher 
' entropy, than the inclusion phase. Combined with the higher 
density of the high-temperature matrix phase, this is consistent 
with the negative Clapcyron slope {dP/dT^AV/hS, where AK 
and A5 arc the volume (K) and entropy (5) differences betvyeen 
the two liquids) proposed for the transformation (Fig. 2). 



FIG. 2 a. The AUOg-YsOs equilibrium phase diagram is shown as 
a solid line, together with the metastable crystallization diagram 
(dashed line)^^"^*. The glass-forming compositions found In this 
study are mar(<ed with open circles. The glass transformation 
temperature of the supercooled liquid (Tg) is estimated at 
■ • '-i.lSO from optical observation of the sample freezing to 
. glass, the temperature calibration of the furnace wire and the 
. timed quenching rate (see Fig. 1 legend). Tg was not found to 
. vary significantly with composition In this composition range, 
consistent with the relatively flat tlquidus. The ratio of Tg to the 
melting temperature is -2/3, coRsistent with many glass-form- 
JSjng systems"®. Compositions which did not quench to glass are 
l^ilndicated by crosses. The temperatures for homogeneous or het- 
^erogeneous crystallization {Tc^ io our experiments are pre- 
i^unied to lie sub-parallel to the metastable melting line. The 
^ Intersection of T^ryst. with Tg defines the glass-forming region in 
'J 01*'- study. A higher quenching rate, or use of containerless 
4 ca-.litions^®^, would extend the glass-forming region and 
^ll^thcaby probably the region where we can find a second liquid 
l^phase. The line T,-, indicates the temperature at which the 
p^second liquid phase Is observed to nucleate (measured during 
^gthe quench by the timed quenching rate, and the calibrated 
J|furnace power), and decreases with increasing Y2O3 content Our 
Mexperimenta! observation that the volume fraction of the low- 
^Memperature phase increases with decreasing Y2O3 content, also 
ig^ndicates that the separ. > .on between Tg and Ti_, increases with 
decreasing Y2O3 content, b, The proposed metastable liquid- 
liquid transfomnation line In the P-7 plane (at fixed composition 
:^y|thin the YsO^lzOa system), drawn by analogy with the sug- 
^liested phase behaviour of supercooled liquid water*®"^*, which 
^!gives a thermodynamic rationalization for our experimental 
l^rezult. The two liquids have the same composition, but different 
Intensities. The high-temperature liquid, corresponding to the 
|g[0assy matrix phase in Fig. 1, has higher density than the low- 
'^0^'^perature liquid which gives rise to the glassy inclusions. The 
high-temperature, high-density (matrix) liquid also has higher 
^eJ^ropy (Fig. 3), so that the Clapeyron slope (d;VdT= AV/AS) is 
Sfnegatiye. The observed liquid-liquid phase separation is quite 
^ely to be general for such A2X3 systems. In our case, it was 
^rtunate that the liquid-iiquid coexistence line intersected our 
Soling line (dotted) above Tg (and above the critical temperature 
crystallization) at room pressure, so that it could be obsen/ed 
hd the samples quenched to glass in our experiments. 
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FIG 3 Raman (left) and infrared (right) spectra of the glassy matrix (A) 
and glassy inclusion (B) phases from a typical sample, together with 
the spectra of single crysta' YAG*^'^ (C). The spectra of the gl^ 
compounds are clearly differeiii from the spectrum of single-ciystal YAG, 
confirming that the Inclusions are not crystalline YAG. which is the only 
optically isotropic c»ystalltne phase in the system. The infrared and 



Raman spectra of the inclusion contain more structure than the matrix, 
indicating that a structural change to a more ordered liquid has taken 
place There are only minor changes in the vibrational 5>pectra of the 
glassy Inclusion and matrix phases with composition, over the range 
studied. 



We can generally relate the liquid density behaviour to struc- 
tural changes in the solid state. Crystalline YAG has been shown 
to decompose to YAIO3 and AI2O3 at pressures around 40 kbar 
at 1,000 "C (ref. 32). The four-coordinated Al ions in the gar- 
net change to six-coordination, in YAIO3 and AI2O3, and the 
overall density is increased. If the supercooled liquid is exanained 
at constant temperature (Fig. 2), the lower-density liquid prob- 
ably has a smaller average Al coordination than the high-density 
liquid phase, by analogy with the crystalline phase transition. 

A structural interpretation for the thermal liquid-liquid trans- 
formation can be gained by considering the oxygen environments 
in corresponding crystals. In the garnet crystal, the O 10ns all 
have the same coordination environmen* (OY2AI2). In crystal- 



line YAIO3 and AI2O3, several different O" environments are 
encountered (OAU, OY3AI2. OY^Ah)". If the low-temperature 
liquid, like crystalline YAG, has a small number of distinct oxy- 
gen environments, it will have lower entropy than a high- 
temperature liquid with a greater range of oxygen sites. 

This observation could help explain the sluggish crystalliza- 
tion of YAG. with a structural requirement of a single type of 
oxygen site, from the high-temperature melt, which corresponds 
to the high-entropy liquid phase. In addition, because crystalhne 
YAG melts to the high-entropy liquid, the resulting large - TAS 
term associated with melting could be responsible for depressing 
the YAG liquidus, which is nearly flat in the region of the garnet 
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